Purpose: Thymosin β-4(Tβ-4) is a macromolecular protein drug with potential for drug development in wound repair but is limited by the shortcomings of macromolecular protein, such as large volumes, poor membrane permeability, and unstable physicochemical characteristics. Ethosomes could enhance cell membrane fluidity and reduce epidermal membrane density to make macromolecular drugs through the stratum corneum into the deeper layers of the skin easily. Herein, we developed and characterized a novel transdermal delivery vehicle to load macromolecular protein peptides and use Tβ-4 as a model drug wrapped into ethosomes. Methods: We used the orthogonal method to optimize the formulation of the ethosome preparation prepared by the ethonal infusion method. Ethosomal gels were characterized by using different analytical methods. Transdermal release rate in vitro have been demonstrated in Franz diffusion cells and the efficacy of drug-loaded nanocarriers in vivo was investigated in a mouse model. Results: Optimized Tβ-4 ethosomal gels have good physicochemical properties. The drug amounts of the cumulative release in the ethosomal gel within 5 hours were 1.67 times that of the T-β4 gel in vitro release study, and the wound healing time of ethosomal gel group was only half of the T-β4 gel group in vivo pharmacokinetic study. Compared with the free drug group, the ethosome preparation not only promotes the percutaneous absorption process of the macromolecular protein drugs but also shortened wound recovery time. Conclusion: Hence, we provide a possible good design for ethosomal gel system that can load macromolecular protein peptide drugs to achieve transdermal drug administration, promoting the percutaneous absorption of the drug and improving the effect.
Introduction
Thymosin β-4 (Tβ-4) is an important actin regulatory molecule with multiple functions in the human body that can promote cell differentiation and maturation, promote tissue regeneration and remodeling, repair blood vessels and hair follicles, among other functions. It is easily soluble in water and has a large molecular weight. 1 Negatively charged Thymosin β-4 is composed of 34 amino acid residues. Its molecular weight is 4963Da and isoelectric point is 5.1. However, as a protein peptide drug, the molecular structure is easily destroyed in the gastrointestinal tract via oral administration and they have poor medication compliance. The transdermal drug delivery system (TDDS) can make drugs directly exert the local effect and avoid the hepatic first-pass effect and gastrointestinal tract damage to maintain a constant blood concentration. Additionally, medication compliance in patients can significantly improve. 2 Therefore, the protein polypeptide is very suitable for TDDS to exert local efficacy. However, the molecular weight of Tβ-4 is much larger than that of the drug that is suitable for delivery by the TDDS and transdermal administration alone cannot penetrate well into the skin to exert its efficacy.
As the outermost barrier of the skin, the stratum corneum is tightly connected and is the main obstacle and ratelimiting step for drug penetration into the skin. 3 In recent studies, to increase the penetration rate of drugs, some physical and chemical methods have been used in pharmacy such as the use of iontophoresis, 4 microneedles, 5 chemical penetration enhancers, 6 nanocarriers, 7 and liposomes 8 to promote the drug through the skin barrier. However, these physicochemical methods also have potential disadvantages such as poor stability, a complicated preparation process and severe skin irritation.
Traditional liposomes, due to their limited penetrating ability, cannot penetrate the stratum corneum and can only take drugs to the surface of the skin, failing to achieve the effect of deep treatment. 8 Therefore, to overcome the limitations of liposomes in the TDDS, we have studied a novel drug carrier-loaded system, ethosomes, to encapsulate the drug. 9 Ethosomes, which are similar to liposomes with a cell membrane-like phospholipid bilayer structure and excellent biocompatibility, are nanoparticle preparations comprising phospholipid, cholesterol (CHOL) and ethanol. Compared with liposomes, a higher concentration of ethanol (20-50%) is added in the preparation process. 10 As a chemical penetration enhancer, ethanol can change the dense alignment of the cell lipid layer in the skin stratum corneum and reduce structural density ( Figure 4A ). 11 Studies have shown that ethosomes have a smaller particle size and higher stability than traditional liposomes. Additionally, the unique advantages of nontoxic and non-irritating ethosomes make them a research focus of TDDS. 12 In the prior related experiments, no ethosomes were found to load macromolecular protein polypeptide drugs to achieve transdermal drug delivery.
In the present study, we designed a Tβ-4 ethosome delivery system using the ethanol agitation method, which is simple and environmentally friendly. The Tβ-4 ethosomes were then loaded onto the gel. Using high performance liquid chromatography (HPLC), transmission electron microscope (TEM), scanning electron microscope (SEM), and Rheology tests, we explored the preferred formulation process of Tβ-4 ethosomal gels.The efficacy of drug-loaded nanocarriers was tested by the transdermal release rate in vitro and in vivo pharmacokinetic study. The purpose of this study is to develop ethosome gel system that can load macromolecular protein peptide drugs to achieve transdermal drug administration, significantly promoting the percutaneous absorption of the drug and improving the effect.
Materials and Methods Materials
Thymosin beta-4 (Tβ-4 (98%, purity)) was purchased from Nanjing Luomaimei Biological Technology Co., Ltd. (Nanjing, China). l-alpha-phosphatidylcholine from soybean (SPC) was supplied from Sigma Aldrich (Shanghai) Trading Co., Ltd. (San Francisco, USA). Cholesterol (CHOL) was obtained from Sigma Aldrich (Shanghai) Trading Co., Ltd. (San Francisco, USA). Sodium deoxycholate and phosphotungstic acid were obtained from Beijing Wokai Biological Technology Co., Ltd. (Beijing, China). Carbomer 934 was acquired from Dalian Meilun Biotechnology Co., Ltd. (Dalian, China). Phosphatebuffered saline (PBS) was from Beijing Solarbio Science And Technology Co., Ltd. (Beijing, China). The experimental water was made using a Milli-Q ultrapure water system (Millipore, Ireland). The acetonitrile and triethanolamine used were chromatographic grade, and other reagents were of analytical grade.
Animals
Female Kunming mice (25±3 g, 4 weeks old) were supplied by the Experimental Animal Center of Shandong University (Jinan, China), and New Zealand rabbits (2.5±0.5 kg) were supplied by Jinan Jinfeng Experimental Animal Co., Ltd. (Jinan, China). All the animals were kept and used for the experiment in accordance with the ethics and regulation of animal experiments of Pharmaceutical Sciences, Shandong University, China. The work described has been carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments.
The appropriate amount of Tβ-4 was dissolved in phosphate-buffered saline (PBS, pH 7.4; 10 mM Na 2 HPO 4 , 1.76 mM KH 2 PO 4 , 137 mM NaCl, 2.7 mM KCl) as the aqueous phase with some sodium deoxycholate to promote the stability of alcohol plastids. 13 While maintaining the water bath temperature at 30±2°C using the RCT basic thermostatic magnetic stirrer (IKA, Staufen, Germany), the aqueous phase was injected into the alcohol phase at a certain rate under magnetic stirring and hydration was continued for 15 min. Next, the Tβ-4 ethosomes were filtered through the 0.22-μm filter and were stored at 4°C
. The carbomer was slowly added to the distilled water at a ratio of 1:50 (w/w) in a beaker and then was mixed at 700 rpm for 3 hrs to form a uniformly dispersed gel matrix.
According to the preparation process of the ethanol injection method, other conditions were fixed to change the single factor (dosage amount, CHOL dosage, sodium deoxycholate dosage, hydration speed, hydration temperature, hydration time, water injection speed), and the encapsulation efficiency (EE) was mainly investigated considering the particle size, morphology, stability, and uniformity of the nanoparticles, and screening out the factors that have significant effects for the orthogonal design. 14 Next, the Tβ-4 ethosomes were mixed with a suitable amount of fully swollen gel to obtain the Tβ-4 ethosomal gel.
Characterization of Tβ-4 Ethosomes
The nanoparticle size, size distribution and zeta potentials of diluted Tβ-4 ethosome solution were measured using the Malvern Zetasizer Nano ZS system (Malvern, Westborough, UK). 15 The microstructure of Tβ-4 ethosomes was detected using a TEM (JEM 1200EX, JEOL, Tokyo, Japan) by dropping Tβ-4 ethosome solution onto special carbon-coated copper grids and dyeing with phosphotungstic acid (2%, w/w) for 10-15 s.
The entrapment efficiency (EE%) and drug loading of Tβ-4 (DL%) were determined by high-speed centrifugation using high-performance liquid chromatography (HPLC) with the method of gradient elution and the prepared Tβ-4 ethosomes solution was centrifuged at 10,000 r/min for 10 min, resulting in nonentrapped Tβ-4 suspended in the supernatant and Tβ-4 ethosomes forming precipitates at the bottom of the centrifuge tube. The supernatant was filtered through a 0.22-µm filter to absorb 20 µL and was determined by HPLC using a Shimadzu HPLC system (Shimadzu, Kyoto, Japan) at a UV absorption wavelength of 228 nm and a reversed-phase C18 column (4.6 mm×250 mm; 5 μm; Dikma). The mobile phases were 0.5% trifluoroacetic acid acetonitrile solution and 0.5% aqueous trifluoroacetic acid solution eluting with a gradient speed of 1.0 mL/min. The drug loading (DL) and encapsulation efficiency were calculated as follows, EE=(W 2 -W 1 )/W 2 *100%, DL=(W 2 -W 1 )/W 3 *100%, where W 1 is the weight of nonentrapped Tβ-4, W 2 is the total weight of added Tβ-4, and W 3 is the total weight of the formulation materials. 16 
Characterization of the Tβ-4 Ethosomal Gel
To evaluate the formulation's adhesion, the viscosity of the Tβ-4 ethosomal gel was detected using a high-temperature and high-pressure rheometer (MCR302; Anton Paar, Austria) and shear stress-shear rate curves were measured at 25°C using a 79039 CP25-2 cone (D=25 mm; 1°). When the gel is placed between the stationary plate and rotated cone, the shear rate ranged from 0.1s À1 to 100s À1 and the gap was set at 106 µm. The viscosity of the gel stored at a temperature of 25°C, 4°C, and 40°C for 7 days was measured to examine the influence of different temperatures on the rheology of the gel.
The PRO liposomal gel mixed with freeze-dried protective agents was prefrozen in the ultra-low-temperature refrigerator at −80°C (DW-86L, Haier, Qingdao, China) for 24 h to prepare for long-term preservation. Freezedried products were sprayed with gold and were observed by SEM (JSM-6700F, JEOL, Tokyo, Japan).
In vitro Drug Release Study
Kunming mice weighing approximately 25 g were anesthetized with 4% chloral hydrate at a dose of 0.01 mL/g, and their back hair was depilated with a hair removal cream and a pet shaver. Kunming strain mice were randomly divided into two treatment groups, 4 mice in each group. The exposed back skin was cleaned with saline, and the mice were sacrificed after 24 hrs. The skin on the back was quickly excised, and the subcutaneous tissue was removed, washed in normal saline and dried using filter paper. Skin samples needed to be prepared at the time of use and confirmed by microscopic observation to show no damage. Other methods like radiotracers 17, 18 and electrochemical methods 19, 20 could also be used to pre-screen skin. 21 The skin was fixed in Franz diffusion cells which were custom built in Jinan Chuanxu Glass Instrument Co., Ltd. with an effective diffusion area of 3.14 cm 2 where 10 mL of phosphate-buffered saline was added to the receiving cell and Tβ-4 ethosomal gel, and the Tβ-4 gel containing both 0.1 mg of drug and free gel was placed on the side of the stratum corneum of the isolated skin. The receptor medium was stirred at 100 rpm, and the water bath temperature was controlled at 37±0.5°C throughout the experiment. For each experiment, 400 µL of receptor medium was taken and 400 µL of phosphate-buffered saline was added at predetermined time intervals (0.5, 1, 3, 5, 8, 12, 24 h). 22 The removed receptor medium was filtered through 220-nm filters, stored at −20°C for use and assayed for their Tβ-4 by HPLC. The accumulative permeation of Tβ-4 was calculated according to the formula Q n = (c n v n + ∑ nÀ1 i¼1 c i v i )/S, where Cn is the mass concentration of the drug measured at the nth time point, V 0 is the total volume of the Franz diffusion cell's receptor medium, Ci is the measured drug concentration before the nth time point, Vi is each sample volume, and S is the effective diffusion area of the isolated skin.
In Vivo Skin Irritation Test
To evaluate and compare the skin irritation of the Tβ-4 ethosomal gel and blank Tβ-4 gel, the study was carried out on New Zealand rabbits. Weighed rabbits were anesthetized with 10% chloral hydrate in the ear vein, and the back hair of New Zealand rabbits was removed by mild hair removal cream at 24 h prior to application of the formulations. The exposed back skin was cleaned with saline and confirmed to show no damage. The back skin was scratched with a scalpel to ooze blood and was divided into three groups as follows: Tβ-4 ethosomal gel, Tβ-4 gel and gel (control). Using the same body control method, both the intact skin of rabbits and damaged skin of rabbits were given 0.5 g of Tβ-4 ethosomal gel, Tβ-4 gel and blank gel. The presence or absence of irritation and redness was observed at 1, 24, 48, and 72 hrs after administration. The Draize scale was applied to evaluate the skin irritation, and irritation scores between 0 and 4 were used to grade the stimulus intensity, which ranged from no response to a severe response.
In vivo Pharmacokinetic Study
The Kunming mice were anesthetized and depilated according to the method of 2.4, and the skin was confirmed to be intact after 24 hrs. The circular filter paper with a diameter of 0.6 cm infiltrated with 5 mol/L of sodium hydroxide was placed on the back skin of Kunming mice for 30 s, 23 and then the back skin was cleaned with saline to remove residual sodium hydroxide solution to form a deep second-degree burn model. Each Kunming mouse was scalded in three places to put up control experiments and three scald parts of each mouse were daily given different preparations: Tβ-4 ethosomal gel, Tβ-4 gel and blank gel. The wound area was measured every day. Meanwhile, the wound inflammatory reaction, wound scarring time, healing time and rate of scar formation were recorded. After all the treatments, the Kunming mice were sacrificed and the skins of the mice were removed according to the method of 2.4 and were immediately fixed in 10% formaldehyde solution for 24 hrs. The sample was then dehydrated and transparent using ethanol and xylene, embedded in paraffin, and then stained with hematoxylin and eosin (H&E). Finally, the skin was sliced with a paraffin slicer and analyzed using the Olympus VS120 panoramic digital slice scanning microscope (Tokyo, Japan) in the bright-field mode for scanning HE section analysis. 24 
Statistical Analysis
All experiments in this study were repeated at least three times, and the data were presented as the means ± standard deviation (SD). One-and two-way analyses of variance were used when making multiple comparisons, the two tailed t-test was used to compare two groups, and a P-value <0.05 was statistically considered significant. All statistical analyses were performed using GraphPad Prism 8 software and SPSS 19.0 software. Statistical significance was noted as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Results and Discussion

Preparation of Tβ-4 Ethosomes
The main factors affecting the particle size of the Tβ-4 ethosomes are as follows: stirring speed and injection speed, CHOL dosage, ethanol concentration and different concentrations of sodium deoxycholate. A smaller particle size and better deformability makes it easier for Tβ-4 ethosomes to pass through the skin barrier. Using the ethanol injection method, Tβ-4 ethosomes with a smaller particle size could be obtained under the action of a specific stirring rate and water injection speed. The larger the stirring speed is, the better the hydration effect is (Figure 2A ). If the stirring speed is too fast, Tβ-4 ethosomes are easily broken by mechanical action, reducing low encapsulation efficiency and drug-loading capacity (DL). From TEM photographs, we found that Tβ-4 ethosomes were not easily broken and were dispersed when the hydration speed was 700 rpm and the water injection rate was 200 µL/min without ultrasonic disruption or liposome extrusion. The concentration of CHOL significantly affected the size of Tβ-4 ethosomes ( Figure 2B ), and studies have shown that the addition of CHOL helps to increase the drug encapsulation efficiency. 25 Compared with ordinary liposomes, Tβ-4 ethosomes were added a higher concentration (20-50%) of ethanol to change the dense arrangement of lipid bilayers in the stratum corneum cells, enhance the flexibility and deformability of the membrane and promote transdermal absorption. As the amount of ethanol increased, the particle size of the alcohol body also became larger ( Figure 2C ). From the transmission electron micrograph, the ethosomes containing a higher concentration of ethanol were more likely to be broken or polymerized. In general, Tβ-4 is a hydrophilic macromolecular protein drug with poor transdermal permeability and a low encapsulation efficiency. It was reported that the surfactant sodium deoxycholate changed the filling properties of the lipid in the bilayer, resulting in higher deformability, and it could be inserted between the lipid bilayers, resulting in a lower phase transition temperature of the skin lipid. 26 The addition of sodium deoxycholate to Tβ-4 ethosomes could significantly improve the particle size ( Figure 2D ) and enhance the negative charge which is good for stability. Factors affecting the encapsulation efficiency of Tβ-4 ethosomes by single-factor experiments were the CHOL dosage, ethanol concentration, different concentrations of sodium deoxycholate and Tβ-4 concentration. The optimal prescription was screened by orthogonal experiment using the encapsulation efficiency as an indicator. The final molar ratio of SPC: CHOL: sodium deoxycholate: Tβ-4 was 10:7:8:1, and the ethanol/liquid (v/v) rate was 30%.
Characterization of Tβ-4 Ethosomes
After the prescription was optimized, from the TEM ( Figure 3A) , we observed that the Tβ-4 ethosomes that had large single intermediate hydrophilic cavities suitable for the encapsulation of hydrophilic drug had a rounded appearance, a uniform particle size and good dispersibility. As shown in Figure 3A , the size of the Tβ-4 ethosomes was 127.8 ± 3.2 nm, and the zeta potential was −25.1 ± 2.8 mv using the Malvern Zetasizer Nano ZS system. 27 The EE measured was (63.2±4.5) %, and the DL was (2.34±0.53) %. Although the DL of Tβ-4 ethosomes was low, it could be very effective when it was used to repair wounds because Tβ-4 is a powerful biological factor in which microdrug penetration into the skin could play a role.
Characterization of the Tβ-4 Ethosomal Gel
The results of the rheological test of the Tβ-4 ethosomal gel are shown in the figure (Figure 3B ). As the shear rate increased, the slope of the shear stress-shear rate curve decreased gradually, indicating that the viscosity of the formulation decreased and the gel exhibited pseudoplastic flow. When the shear rate was 0.1s À1 , the viscosity of the preparation was 517 Pa·s, proving that the gel could effectively adhere to the skin. The rheological properties did not change significantly after the formulation was placed in the dark at 4°C, 25°C, and 40°C for 7 days, and the stability was good.
Under the scanning condition of SU8010 5.0 kV 10.3 mm*100 k SE (UL), the morphology of the freezedried powder of the Tβ-4 ethosomal gel was observed using the SEM ( Figure 3C ). The Tβ-4 ethosomes were evenly distributed inside the gel matrix, and there were many protrusions on the surface of the gel matrix. The size of the ethosomes was equal to the particle size measured under transmission electron microscopy, indicating that it was not significantly changeable for ethosomes in the morphology and size of the gel matrix after freeze drying.
In vitro Drug-Release Study
Transdermal experiments in vitro demonstrated that the permeation rate of the Tβ-4 by the ethosomal gel was greater than A C B that by the Tβ-4 gel within 8 h after administration (Figure 4) . Regression was performed to fit zero-order, first-order, Higuchi and Weibull infiltration behavioral dynamics equations based on the relevant data. 28 During 0.5~5 h, accumulative release percent (Ԛ t ) of the Tβ-4 EP gel to t fitted the first-order kinetic equation Ԛ t =−0.1260t-0.0608 R=0.9990. Ԛ t of the Tβ-4 gel to t 1/2 fitted the Higuchi equation Ԛ t =0.1352t 1/2 −0.0101 R=0.9983. During 5~24 h, Ԛ t of both the Tβ-4 EP gel and Tβ-4 gel to t fitted the first-order kinetic equation as follows Tβ-4 EP gel:Ԛ t =−0.3990t+1.565 R=0.9977; Tβ-4 gel: Ԛ t =−0.1561t+0.1413 R=0.9721. The amounts of the cumulative release in the ethosomal gel and Tβ-4 gel within 5 hrs were respectively determined to be 15.77 μg/cm 2 and 9.430 μg/cm 2 , indicating that the ethosomal gel acted as a drug carrier to promote the transdermal rate of the macromolecular protein drug. During 0.5~5 h, Ԛ t of the Tβ-4 EP gel to t fitted the first-order kinetic equation, indicating that the drug passed through the skin quickly while Ԛ t of the Tβ-4 gel to t 1/2 fitted the Higuchi equation in the initial phase, indicating a slow rate of penetration. During 5~24 h, the ethosomal group had a higher permeation rate than the free drug group. Additionally, due to individual differences in the body weight and skin thickness of Kunming mice, the correlation coefficient can be appropriately reduced considering that the ripple factor is large, and a correlation coefficient below 0.99 is acceptable. 29 In Vivo
Skin Irritation Test
One of the major drawbacks of TDDSs is the irritation of the formulation to the skin. Rabbits are highly sensitive to skin irritation and are easy to feed in the laboratory. Thus, rabbits are widely used in skin penetration studies to predict human skin irritation and determine the safety. 30 The results of the skin irritation study listed in Table 1 indicated that the skin of New Zealand rabbits were not allergic to the Tβ-4 ethosomal gel, Tβ-4 gel, and the blank gel after 24 h of application and 7 days of repeated applications. The carbomer gel and T-β4 used in this experiment had good biocompatibility. The phospholipids, CHOL and ethanol used in the preparation of ethosomal gel were mild, a finding consistent with the drug design principle of Quality by Design (QbD). 31 
In vivo Pharmacokinetic Study
To determine the repair efficacy for wound healing in vivo, the Tβ-4 ethosomal gel, Tβ-4 gel and blank gel preparation were given to the scalded skin of Kunming rats every day. As shown in Figure 5A and Table 2 , the Tβ-4 EP gel group revealed a superior therapeutic effect. The healing time of the scalded skin administered with the Tβ-4 ethosomal gel was significantly shorter than that administered with the Tβ-4 gel. The scar time of the Tβ-4 gel group was also shorter than that of the blank gel group, and the retention rate was small, confirming that Tβ-4 had a wound repair effect. The healing time of the Tβ-4 ethosomal gel group was shorter than that of the Tβ-4 gel group, and the retention rate was smaller. Kunming mice administrated with different gel for 15 days have different degrees of wound healing (A) and the photomicrographs of the healed skin structure of using different preparations (B). In Figure 5B , the black arow indicated the degree of skin thickening, the red arow indicated new capillaries and the yellow arrow showed embolization and localized parakeratosis. Abbreviation: Tβ-4 EP gel, Tβ-4 ethosomal gel.
Histopathology Examination
Combined with the previous research results, we speculated that the nanodelivery drug system could make more drug pass through the skin stratum corneum and form drug depots in the deep layer, thus effectively promoting the effect of wound healing. Photographs of hematoxylin and eosin staining for repaired skin administered with different formulations are illustrated in Figure 5B . As indicated by the black arrow, the damaged skin showed a degree of thickening, but the blank control group was not obvious.
As indicated by the red arrow, new capillaries were seen in groups of the Tβ-4 ethosomal gel preparation and Tβ-4 gel, indicating that Tβ-4 has an effect on wound skin. As marked by the yellow arrow, the group of the Tβ-4 gel showed embolization and localized parakeratosis, suggesting that the ethosomes were enhanced Tβ-4 to promote healing.
Conclusion
Although macromolecular protein drugs have attracted much attention due to their high biological activity, they have low skin permeability and easily cause skin irritation in TDDSs because of their large molecular weight and easy inactivation. We hypothesized that nanotechnologymediated TDDSs can provide some help. Thus, in this study, we successfully prepared ethosomes packaging Tβ-4 that were used for wound repair as a model protein peptide drug. The preparation of the ethosomes without ultrasonic disruption or liposome extrusion was simple. The ethosomes showed good physical and chemical properties, such as a uniform particle size and complete morphology. We have demonstrated their transdermal release rate in vitro and drug effects in vivo through a series of experiments. Based on the experimental results, we observed that the ethosomal gel formulation has a better drug transdermal rate than the free drug group and significantly shortens the time of wound skin healing. Skin irritation experiments further determined that the ethosomal gel has excellent biocompatibility. HE staining showed that the ethosomal gel preparation with loaded drug can promote skin wound healing.
Combining the above results, we conclude that this nano drug delivery system for the transdermal administration of macromolecular protein drugs has excellent clinical application potential and provides a possible good design for ethosomal gels with various transdermal delivery drugs (e.g., Chinese medicine, vaccines, and cytokines) for further exploration.
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